Benznidazole (BNZ) has been employed in the treatment of Chagas disease; however, its low water solubility is a drawback, which can be overcome by incorporating BZN within nanostructured systems. The aim of this work was to validate a chromatographic method for determination of BZN incorporated in nanoemulsions (NE) and nanostructured lipid carriers (NLC). The method was validated according to the International Conference on Harmonization guidelines. No interferences from the excipients of both systems on the BZN peak were observed. Linearity presented a correlation coefficient higher than 0.99 in the range of 5.0-30.0 µg mL -1 . Relative standard deviation values for intra-and inter-days precision were lower than 2% and mean recovery ranged from 93.6 to 105.7%. BZN-loaded nanocarriers exhibited physico-chemical characteristics acceptable for parenteral administration and the encapsulation efficiency was almost 100% for both systems. The method shows a good potential to be employed in the determination of BZN in lipid nanostructures.
Introduction
Benznidazole [N-benzyl-(2-nitroimidazoyl) acetamide] (BNZ, Figure 1 ) is a nitroimidazole derivative that has been used in the chemotherapy of Chagas disease. 1 Effective treatment of this disease has been achieved by oral administration of BNZ during the acute phase, in which the drug rapidly eliminates circulating trypomastigotes. 2 However, in the chronic phase or in reactivation episodes of Chagas disease, BZN is less effective and induce numerous side effects, such as nausea, vomit, weight loss, dermopathy, cutaneous morbiliform eruptions, and polyneuropathy. 3 Physically speaking, BZN is found in the form of a yellowish, odorless and tasteless crystalline powder. Its low solubility in water (400 mg L -1 ) 4 and hydrophobicity (log P = 0.91) 4 leads to a very extensive binding to plasma proteins, which results in a large distribution of BZN throughout all tissues, but lowers the availability of the drug at therapeutic levels in the infected cells. 5 In this context, incorporating BZN in nanostructured systems, such as liposomes, nanoemulsions (NE) or nanostructured lipid carriers (NLC), has emerged as a suitable alternative to overcome the drawbacks of BZN. [6] [7] [8] Nanostructured systems can enhance BZN uptake by parasites and thus the bioavailability of the drug, also minimizing side effects by delivering the drug to the target site, and increasing chemical stability by protecting the drug against degradation. 9 Quantification methods have been developed and validated with the aim to determine whether lipid nanostructures can act as carrier systems for BZN. Soares-Sobrinho et al. 10 reported a spectrophotometric method with detection at 324 nm to quantify BZN in tablets, which was further applied to dissolution test 11 and studies of solubility involving different solvents. 12 A spectrophotometric method with detection at 322 nm was also proposed to quantify BZN incorporated in chitosan microparticles 7 and microemulsions. 13 Chromatographic methods have also been proposed especially to determine BZN in plasma.
14-17 A high performance liquid chromatography (HPLC) method has been used to quantify BZN in tablets and to study photostability and compatibility of BZN with tablet excipients. 18 Chromatography has been particularly important for drug quantification because of its very high sensibility and selectivity, 17 which has allowed this technique to be employed in the quantification of drugs isolated or in biological medium, but also to analyze the incorporation of drugs in nanocarriers as well as in release and stability studies. To the best of our knowledge, however, chromatographic methods for quantification of BZN in lipid nanostructures have not been developed yet. Thus, the aim of the present study was to develop and validate a chromatographic analytical method to quantify BZN in NE and NLC. The chromatographic method was further applied to characterize formulations containing BZN. Extraction and purification of BZN BZN was extracted from tablets and purified following a method described by Branquinho et al. 19 The BZN tablets were pulverized, dissolved in methanol and stirred for 20 min. The suspension was filtered through a quantitative paper filter and the solvent was removed in a rotary evaporator (Fisatom, São Paulo, Brazil). The material was recrystallized with a 20:80 methanol-water mixture. The resulting crystals were filtered and dried in a vacuum desiccant with anhydrous silica. BZN was stored in refrigerated containers in the dark. Yield percentage was calculated by the ratio between the amount of BZN obtained after the extraction procedure and total nominal amount of BZN in the tablets.
Experimental

Preparation and characterization of lipid nanocarriers
NE was prepared by a spontaneous emulsification process. 20 Egg lecithin and Tween ® 80 were used as surfactants due to the intravenous administration purpose of this formulation. Briefly, (batch 10 mL), the oily phase (OP) composed of Crodamol ® GTCC, Lipoid ® E80, and cholesterol, and the aqueous phase (AP) containing Super Refined Tween ® 80, glycerol and water were weighted and prepared separately. BZN was added to the OP at concentration of 0.05%. Then, the OP was dissolved in acetone, heated to 50 ºC and quickly added to the AP. The mixture was kept under magnetic stirring for 30 minutes and then the solvent was removed in a rotatory evaporator (Fisatom, São Paulo, Brazil). Finally, the pH of the mixture was adjusted to 7.0 with 0.1 mol L -1 HCl or NaOH solution (Digimed DM 20, Santo Amaro, São Paulo, Brazil).
NLCs were prepared by the hot melting homogenization method using an emulsification-ultrasound probe. 21 In this case, the OP comprised of solid-liquid lipid matrix of Crodamol ® and Compritol ® , and the AP were heated to 85 °C separately. Next, the AP was added drop by drop to the OP with a constant manual agitation. The resulting emulsion was immediately submitted to the high intensity ultrasonic treatment (20% amplitude) for 10 minutes using a high-intensity ultrasonic processor (CPX 500 model; Cole-Palmer Instruments, East Bunker Court Vernon Hills, IL, USA). The pH of the NLC was finally adjusted to 7.0 (Digimed DM 20, Santo Amaro, São Paulo, Brazil).
Average particle diameter and polydispersity index (PI) were determined after proper dilution by unimodal analysis through dynamic light scattering on a Zetasizer 3000HSA (Malvern Instruments, Malvern, UK). Zeta potential measurements were carried out by electrophoretic mobility determinations on the Zetasizer 3000HSA (Malvern Instruments, Malvern, UK).
Chromatographic conditions
The chromatographic system consisted of a LC-6AD pump, a CTO-20A oven, a SIL-10AF auto injector and a model SPD-M20A diode array detector (Shimadzu, Kyoto, Japan). The chromatographic system was operated using the LabSolution software. Analyses were performed at 25 ºC on a 250 × 4.6 mm, 5 µm Supelcosil ® LC-18-db column (Supelco Inc, Bellefonte, USA). The mobile phase used was a 50:50 (v/v) methanol-water mixture. The isocratic flow rate was 1.0 mL min -1 , the injection volume was 20 µL and detection was performed at 316 nm.
Validation of the analytical method
The chromatographic method was validated considering the following parameters: selectivity, linearity, precision, 22 
Selectivity
The selectivity of the chromatographic method was evaluated by studying the interference of the matrix components (blank NE and NLC) on the response obtained for a 20 µg mL -1 BZN solution. Blank formulations were solubilized in tetrahydrofuran (THF) at a volume ratio of 1:2 prior to dilution. The resulting chromatograms were overlapped and possible interfering peaks were analyzed.
Linearity and limits of detection and quantification
A stock solution of BZN in methanol (1000 µg mL were then obtained after proper dilution of the stock solution with methanol. This procedure was done at three different days. Simple linear regression was performed on concentration vs. peak area calibration curves using the least squares method. The chromatographic method was considered to be linear if the correlation coefficient (r) was higher than 0.99. 22 The limits of detection and quantification (LOD and LOQ, respectively) were determined in triplicate with basis on the relation of the standard deviation of the intercept and the slope from the calibration curve.
Precision
Precision was determined at two levels: intra-day and inter-days. The intra-day precision was determined by analyzing six BZN solutions under identical experimental conditions in the same day. The inter-days precision was performed by analyzing six new BZN solutions in a different day. The BZN concentrations and the relative standard deviations (RSD) were calculated for both levels of precision. The precision was considered to be satisfactory if the RSD values were lower than 2%. ). Three parameters were varied: isocratic flow (0.9 to 1.1 mL min -1 ), temperature (25.0, 30.0 and 40 °C) and two different columns (Ace ® 121-2546 and Phenomenex ® Luna). Student's t-test was performed in order to evaluate statistical differences among experimental parameters at a confidence level of 95% (p ≤ 0.05).
Quantification of BZN
After the preparation of BZN-loaded nanocarriers, this drug can be found incorporated into the OP or dispersed in the AP. In the AP, BZN usually precipitates, remaining insoluble, due to its low water solubility. BZN crystal size usually ranges within a few micrometers and can be easily separated from the NE globules or NLC particles by filtration.
Thus, the quantification of BZN in the nanocarriers was based on measurements of concentration before and after filtration (cellulose ester membrane, 0.45 µm, Millipore) to remove BZN crystals not incorporated into the NE. In addition, the concentration of BZN soluble in the external AP was determined by an ultrafiltration method (Amicon® 100 k, Millipore) with a 100 kDa molecular weight cut-off membrane, and was observed to be negligible, as expected.
The concentration of BZN before and after filtration was determined by the validated chromatographic method. 400 µL of BZN-loaded NE or NLC formulation previously filtered or not was dissolved in 800 µL of THF to solubilize the OP and subsequently diluted in methanol for HPLC analysis. The encapsulation efficiency (EE) was calculated using the following equation: EE (%) = (filtered BZN / total BZN) × 100.
Results and Discussion
The main goal of this research was to develop and validate a chromatographic method to quantify BZN incorporated in lipid nanostructures. First, blank and BZN-loaded nanostructures were developed and characterized in terms of their droplet size, PDI and zeta potential. As can be seen in Table 1 , the emulsification conditions resulted in blank formulations with an average droplet size of 94 ± 0.7 nm (NE) and 73.7 ± 0.8 nm (NLC). The zeta potential was negative for both NE and NLC formulations: −8.22 ± 0.97 mV and −11.39 ± 0.09 mV, respectively. After incorporation of BZN, the average droplet size of NE increased to 170 ± 4 nm, but the system Vol. 28, No. 2, 2017 was still monodisperse and zeta potential experienced a little decrease (−6.77 ± 1.93 mV). For the NLC containing BZN, the droplet size and zeta potential slightly changed to 71.5 ± 5.3 nm and −17.6 ± 1.5 mV, respectively, but the formulation remained polydisperse. In fact, nanosystems are designed to present a reduced size so that after intravenous administration they can evade more easily the reticuloendothelial system and reach the target efficiently. 23, 24 Nanosystems displaying negative zeta potentials are likewise important because they exhibit reduced particle agglomeration effects and provide higher physical stability to the formulation. 25 In order to quantify BZN incorporated in the nanosystems, a new chromatographic method was proposed and validated. Seven parameters were then analyzed: selectivity, linearity, precision, accuracy, robustness, LOD and LOQ.
The first analytical parameter evaluated was selectivity and the interference of the components of the NE and NLC on the detection of BZN was examined. The chromatographic conditions such as mobile phase composition and flow rate were optimized and set in order to obtain an efficient routine of analysis. The retention time for BZN was 5.75 minutes, which was considered to be suitable. As can be seen in Figure 2 , the components of the NE and NLC excipients were not found to interfere on the BZN peak at 316 nm, since no additional peak with the same retention time was observed.
Linearity was demonstrated by applying the linear regression model to fit the standard curves. It is observed in Table 2 that the least square regression model showed an excellent correlation in the range of 5 to 30 µg mL -1 , higher than 0.99, in agreement with the ICH protocol. 22 In the ordinary least squares method, it is required the treatment of the outliers as well as the verification of the assumptions of normality, homoscedasticity, and independence of the residuals. 26 In fact, the chromatographic method proposed here demonstrated adequate normality and homoscedasticity for p-value lower than 0.05 ( Table 2 ). The linear regression equation was y = 34830x -816, where y is the area of the BZN peak and x is the nominal concentration (µg mL -1 ). No significant difference was found among the three slopes of the curves prepared at different days (p = 0.44). Moreover, significant linear regression and no deviation from linearity were observed.
LOD and LOQ were estimated with basis on the parameters of the analytical curve, since this method is statistically more reliable than the signal-to-noise method. 26 Thus, the LOD and LOQ were found to be 0.13 and 0.42 µg mL -1 , respectively (Table 2) . Indeed, it is important that the LOD and LOQ values are as low as possible to allow the analytical method to be applied in other studies involving detection or quantification of low amounts of The results obtained in the intra-and inter-days precision determination experiments have been expressed as RSD (Table 3 ). The average BZN content was found to be 18.10 ± 0.21 (day 1) and 17.59 ± 0.12 µg mL -1 (day 2); at inter-days precision level, the average BZN content was 17.84 ± 0.32 µg mL -1 . Small RSD values (lower than 2.0%) were found for both intra-day and inter-days analyses, which meet the recommendations of ICH, 22 thereby assuring a satisfactory precision of the results.
In order to define the accuracy of the chromatographic method for quantification of BZN, recovery studies were performed following the standard addition procedure. The average recovery percentages for low, medium and high levels of BZN were 105.7, 98.9 and 93.6%, respectively (Table 4) . These results indicate a good agreement between the experimental and nominal concentrations of BZN. In this way, all measurements performed in this concentration range can be considered as in close agreement with the true BZN concentration. Table 5 summarizes the results found in the robustness test. None of the alterations done on the method (chromatographic column, flow or temperature) affected the determination of BZN and, accordingly, no significant differences among these experimental effects were observed (p > 0.05). Retention time was altered (p < 0.05) with the variation on flow and temperature (Figure 3 ), but not with the different chromatographic columns. Even so, the method was considered robust, since this variation in retention time would happen in both standard and sample peaks, in a routine analysis.
The chromatographic method once validated was applied to quantify BZN incorporated in lipid nanocarriers. The BZN concentrations in the NE and NLC were determined to be 4.94 ± 0.15 µg mL -1 and 4.83 ± 0.11 µg mL -1 , respectively, which corresponded to an EE of 97.3 ± 5.4% for NE and 97.9 ± 7.2% for NLC. The EE is important for the development of new nanostructured systems, and this parameter should be always maximized. Since the EE was almost 100% for both lipid nanocarriers, and considering the other physicochemical parameters evaluated in this study (droplet size, polydispersity index and zeta potential), it is possible to conclude that both BZN-loaded NE and NLC are promising systems to be tested for their in vitro activity.
Conclusion
This research successfully developed a suitable HPLC method for quantification of BZN incorporated in new lipid formulations, NE and NLC, or even in other systems such as solid lipid nanoparticles (SLN). In addition, the chromatographic method can be further employed in performance studies of BZN formulations, such as stability and in vitro drug release. 
